Extended internal stability criteria for soils under seepage  by Chang, D.S. & Zhang, L.M.
The Japanese Geotechnical Society
Soils and Foundations
Soils and Foundations 2013;53(4):569–5830038-0
http://d
nCor
Enginee
Clear W
E-m
cezhang
Peer806 & 201
x.doi.org/
respondin
ring, The
ater Bay
ail addre
l@ust.hk
review un.sciencedirect.com
: www.elsevier.com/locate/sandfwww
journal homepageExtended internal stability criteria for soils under seepageD.S. Changa,b, L.M. Zhanga,b,n
aDepartment of Civil and Environmental Engineering, The Hong Kong University of Science and Technology,
Clear Water Bay, Hong Kong
bState Key Laboratory of Simulation and Regulation of Water Cycle in River Basin, China Institute of Water Resources
and Hydropower Research, BeijingReceived 9 August 2012; received in revised form 20 March 2013; accepted 4 May 2013
Available online 24 July 2013Abstract
Internal stability refers to the ability for the coarse fraction of a soil to prevent the loss of its ﬁne fraction due to seepage ﬂow. The main
objective of this paper is to extend internal stability criteria for well-graded and gap-graded soils using control variables selected based on a
physical understanding of the microstructures of the soils. The feasibility of three commonly used geometric criteria is ﬁrst evaluated based on the
information of 131 soils in a laboratory test dataset. The control variables for soils of various ﬁnes contents are then identiﬁed based on their
microstructures. Finally, composite internal stability criteria for both well-graded and gap-graded soils are proposed. A well-graded soil with a
ﬁnes content of less than 5% is internally stable if it satisﬁes (H/F)min41.0 (F¼mass fraction of particles ﬁner than grain size d, H¼mass
fraction of particles ranging from d to 4d). A gap-graded soil with a ﬁnes content of less than 10% is internally stable if its gap ratio is smaller
than 3.0. A well-graded soil with a ﬁnes content of more than 20% or a gap-graded soil with a ﬁnes content of more than 35% is deemed to be
internally stable.
& 2013 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Internal stability refers to the ability for the coarse fraction
of a soil to prevent the loss of its ﬁne fraction due to seepage
ﬂow. A soil which is susceptible to loss of its ﬁne fraction is3 The Japanese Geotechnical Society. Production and hosting by
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der responsibility of The Japanese Geotechnical Society.internally unstable. Coarse soils with a ﬂat tail of ﬁnes and
gap-graded soils are often internally unstable (Fell and Fry,
2007). For an internally unstable soil, once the ﬁne particles
are removed, the permeability of the soil will increase locally
(Chang and Zhang, 2011). This could induce a reduction of
shear strength and a mutation of hydraulic conditions (Chang,
2012; Ke and Takahashi, 2012a, 2012b; Chang and Zhang,
2013). In severe cases the loss of ﬁne particles could induce
concentrated ﬂow and lead to piping failure eventually
(Schuler, 1995). In fact, internal stability of soils is one of
the most important factors affecting the overall life expectancy
of embankment dams or levees. Some embankment dam
failures and distresses are associated with internal instability
of soils (e.g., Fell et al., 2003; Zhang and Chen, 2006; Xu and
Zhang, 2009; Zhang et al., 2009, 2011; Fujisawa et al., 2010;
Pagano et al., 2010; Peng and Zhang, 2012).Elsevier B.V. All rights reserved.
D.S. Chang, L.M. Zhang / Soils and Foundations 53 (2013) 569–583570The internal stability of a soil is inﬂuenced by geometric
conditions (i.e., grain sizes and their distribution, pore sizes
and their distribution and constriction sizes), hydraulic condi-
tions (i.e., hydraulic gradient, ﬂow velocity and ﬂow direction)
and mechanical conditions (i.e., compaction efforts and cohe-
sion) (Kenney et al., 1985; Schuler, 1995; Wan and Fell, 2008;
Fonseca et al., 2012). Geometric and mechanical conditions
affect the potential of internal instability whereas hydraulic
conditions govern the onset of any instability. Great efforts
have been made to investigate the internal stability of soils from
the geometric point of view (e.g., U.S. Army Corps of Engineers
(USACE), 1953; Kenney and Lau, 1985; Burenkova, 1993;
Honjo et al., 1996; Fannin and Moffat, 2006; Wan and Fell,
2008; Indraratna et al., 2011). Istomina (1957) suggested an
internal stability criterion for granular soils using the coefﬁcient
of uniformity, Cu, as a variable. Kezdi (1969) proposed a
geometric criterion for assessing the internal stability of soils
following the concept of Terzaghi's ﬁlter rule (Terzaghi, 1939).
Kenney and Lau (1985, 1986) presented an internal stability
criterion for well compacted granular soils. Recently, Wan and
Fell (2008) recommended a criterion to evaluate the internal
stability of broadly-graded soils; Li and Fannin (2008) presented
a geometric criterion for granular soils. Several existing geometric
criteria in the literature are summarized in Table 1. While some of
the criteria in Table 1 are satisfactory in assessing the internal
stability of certain types of granular soils, their performance
requires further evaluation when a soil contains a signiﬁcant
amount of ﬁnes. From the microstructure point of view, there is
still a lack of physical understanding of the internal erosion
process and the control variables selected to indicate the potential
of internal stability of different types of soil.
The main objectives of this paper are (1) to investigate the
geometric control variables for internal stability of soils based
on physical understanding of soil microstructures and (2) to
extend existing internal stability criteria for soils based on a
dataset of internal stability tests. Internal erosion can be
initiated by concentrated leak erosion, backward erosion, soil
contact erosion, or suffusion (Fell and Fry, 2007). This paper
focuses on suffusion only. Suffusion involves the selectiveTable 1
Summary of geometric criteria for soil internal stability.
References Material description Geometric criteria
Istomina (1957) Sandy gravel Cu≤10: internally stable
10≤Cu≤20: transitional
Cu≥20: internally unstable
Kezdi (1969) All soils (d15c/d85f)max≤4: internally
Kenney and Lau (1985) Granular soils (H/F)min≥1.0: internally st
Burenkova (1993) Cohesionless and graded soils 0.76 log(h″)+1oh′o1.68
Wan and Fell (2008) Well-graded soils 30/log(d90/d60)o80, or
30/log(d90/d60)o80 and 1
Li and Fannin (2008) Granular soils For Fo15, (H/F)min≥1.0;
For F415, H≥15; interna
Cu¼coefﬁcient of uniformity; F¼mass fraction at any grain size d; H¼mass fracti
coarse part; d85f¼diameter of the 85% mass passing in the ﬁne part; h′¼d90/d60; h″¼
passing, respectively.erosion of ﬁne particles within the matrix of coarse soil
particles under seepage ﬂow. The general information (e.g.,
soil conditions, testing conditions and testing results) of a
dataset of internal stability tests is described ﬁrst. Based on the
information in the dataset, the performance of three commonly
adopted internal stability criteria is examined. After that,
extended criteria are proposed to assess internal stability of
both well-graded and gap-graded soils.2. Dataset of internal stability tests
2.1. Dataset speciﬁcations
Information of internal stability tests on 131 different soils
(8 of them were made of glass ballotini) collected from the
literature is shown in Tables 2 and 3. The information includes(a)stab
able
log
5/log
inte
lly s
on be
d90Geometric characteristics of the soils (i.e., grain size
distribution and ﬁnes content);(b) Testing conditions (i.e., hydraulic conditions and sample
vibration);(c) Testing results (i.e., internally stable or unstable).The detailed geometric information of each soil is summar-
ized in Table 3. The soils range from clay to gravel and most
of them belong to broadly-graded soils with values of
coefﬁcient of uniformity, Cu, larger than 3. Nearly one third
of the soils contain a signiﬁcant amount of ﬁnes. The soils
include crushed stone, moraine soil, ﬂuvial soil, sandy gravel,
completely decomposed granite (CDG), Loire sand, Leighton
Buzzard sand, Fontainebleau sand, silica sand, concrete sand,
clayey silt, kaolin, and bentonite, and represent soils from 12
countries (i.e. Australia, Canada, China, France, Germany,
Italy, Japan, Russia, Sweden, The Netherlands, U.S., and U.K.).
Moreover, the particle-size distributions of the test soils represent
well the actual base soils and ﬁlters for embankment dams.
Most of the tests collected in the dataset are conducted in
cylindrical seepage cells, with diameters ranging from 25 toApplication
GEO (1993), USDA (1994), USSD (2011)
le USSD (2011)
GEO (1993), CDA (2007), ICOLD (1994)
(h″)+1: internally stable –
–
(d20/d5)422 internally stable
rnally stable –
table
tween grain size d and 4d; d15c¼diameter of the 15% mass passing in the
/d15; d90, d20, d15, and d5¼diameters of the 90%, 20%, 15%, and 5% mass
Table 2
Summary of general information in the dataset of internal stability tests.
References No. of cases Testing information Test results
Well-graded
soils
Gap-graded
soils
Hydraulic
gradient
Vibration Flow
direction
Flow duration
(h)
No. of stable
cases
No. of unstable
cases
USACE (1953) 4 0 0.5–16.0 Y D - 3 1
Kenney and Lau (1985) 14 0 – Y D 30–100 8 6
Adel et al. (1988) 1 1 0–0.7 N H 0.5 1 1
Laﬂeur et al. (1989) 2 (GB) 1 (GB) 2.5–6.7 Y D 2.5 2 1
Sun (1989) 1 15 20.0 N U – 6 10
Aberg (1993) 8 0 21.6 Y D 1.5 6 2
Burenkova (1993) 8 0 2.5 N D – 4 4
Skempton and Brogan (1994) 3 1 0–1.0 N U 1.5 2 2
Chapuis et al. (1996) 3 0 9.8 Y D 10 2 1
Honjo et al. (1996) 0 9 9.8, 13.0 Y D 2 5 4
Liu (2005) 9 0 0–1.0 N U – 2 7
Mao (2005) 4 4 – N U – 0 8
Moffat (2005) 0 2 1.0–62.0 N D & U 6–28 0 2
Fannin and Moffat (2006) 2 0 0.1–18.5 Y D 9 2 0
Kaoser et al. (2006) 2 0 21–49 N D 72 0 2
Laﬂeur and Nguyen (2007) 2 1 10.0–11.0 N D 12–612 3 0
Bendahmane et al. (2008) 0 3 5.0–140 N D 0.25 1 2
Li (2008) 2 (GB) 5 0.08–31.0 N D & U 2–5 1 6
Wan and Fell (2008) 14 5 8.0 N D & U 3 10 9
Cividini et al. (2009) 1 1 0.2–0.99 N U 500–1600 2 0
Chang and Zhang (2011) 0 1 0.1–8.0 N D 8 0 1
Marot et al. (2011) 0 1 0.6–3.0 N D 0.4 0 1
Salehi Sadaghiani and Witt
(2011)
0 1 0.1–1.0 N D – 0 1
Total number of soils 80 51 60 71
P¼ﬁnes content (o0.063 mm); i¼hydraulic gradient; D¼downward ﬂow; U¼upward ﬂow; H¼horizontal ﬂow; Y¼yes; N¼no; GB¼glass ballotini.
D.S. Chang, L.M. Zhang / Soils and Foundations 53 (2013) 569–583 571580 mm. The ratio of sample height to sample diameter ranges
from 0.7 to 2.7. The hydraulic gradients in some tests were
kept constant during the testing process (e.g., Aberg, 1993;
Chapuis et al., 1996; Honjo et al., 1996; Laﬂeur and Nguyen,
2007; Bendahmane et al., 2008; Wan and Fell, 2008), while
the hydraulic gradients in other tests were increased gradually
(e.g., Laﬂeur et al., 1989; Skempton and Brogan, 1994; Fannin
and Moffat, 2006; Cividini et al., 2009; Chang and Zhang,
2011, 2013). Table 2 summarizes the applied hydraulic
gradient in each test. Most of the tests were conducted under
downward seepage ﬂow. To facilitate escaping of ﬁne parti-
cles, 43 tests were assisted with tamping. The duration of ﬂow
during the internal erosion tests primarily ranged from 0.5 to
10 h. Most tests followed similar testing procedures, although
there were differences in magnitude of hydraulic gradient, ﬂow
direction, sample ﬁlter size and sample vibration. The max-
imum hydraulic gradients applied in most of the tests were
high to mobilize geometrically unstable particles. Therefore,
the test results are comparable.
2.2. Identiﬁcation of soil internal stability
Within the 131 soils in the dataset, 60 soils were tested to be
stable and 71 were found to be unstable, as shown in Table 2.
There is no general rule to judge the stability of soils based on
the testing results. The three identiﬁcation methods were basedon the following: (I) the fraction loss, (II) the variation of
permeability, and (III) observation of piping failure.
In the ﬁrst method, a sample is regarded as unstable if
continuous loss of ﬁne particles or signiﬁcant settlement of the
sample occurs. USACE (1953), Kenney and Lau (1985),
Laﬂeur et al. (1989), Chapuis et al. (1996), Honjo et al.
(1996), Moffat (2005), Fannin and Moffat (2006), Laﬂeur and
Nguyen (2007), Li (2008), Wan and Fell (2008), Cividini et al.
(2009), Chang and Zhang (2011) and Salehi Sadaghiani and
Witt (2011) followed this method. The fraction of loss of ﬁne
particles can be reﬂected either by collecting the eroded soil (e.
g., Honjo et al., 1996; Laﬂeur et al., 1989) or measuring the
post-test grain-size distribution of the soil specimen (e.g.,
Kenney and Lau, 1985; Wan and Fell, 2008). Particularly,
Chang and Zhang (2011) measured the cumulative eroded soil
mass and specimen deformation during the entire erosion
process, as well as the post-test grain-size distribution. There
is no general quantitative rule for identifying internally
unstable soils with respect to mass loss or specimen deforma-
tion. For instance, the minimum loss of ﬁnes of internally
unstable soils in Kenney and Lau's tests (Kenney and Lau,
1985) is about 7%, whereas the minimum value in Wan and
Fell's tests (Wan and Fell, 2008) is about 4%. The specimen
deformation is 2–5% associated with 8–13% loss of ﬁne
particles in the tests by Moffat (2005), and 1.2% associated
with 4% loss of ﬁne particles in the tests by Chang and Zhang
30
40
50
(m
m
)
Stable
Unstable
Cu=20
Unstable Zone
D.S. Chang, L.M. Zhang / Soils and Foundations 53 (2013) 569–583572(2013). The shear strength of the soil decreases signiﬁcantly
after a loss of about 4% of ﬁne particles (Chang, 2012).
Therefore, according to the lost mass of ﬁne particles in the
unstable soils during the internal erosion tests and the soil
response after loss of ﬁne particles, an approximate boundary
value of fraction loss to identify unstable soils can be estimated
as 4%. The boundary of specimen deformation for identifying
unstable soils during internal erosion testing is about 1.2%.
In the second method, a sample is regarded as unstable if a
sudden change in soil permeability occurs during the testing
process. This can be recognized from a permeability–time
relationship. When the permeability of a soil increases
progressively or suddenly, the soil is classiﬁed as unstable.
Sun (1989), Liu (2005) and Kaoser et al. (2006) adopted this
method.
In the third method, unstable results represent piping failure
under a hydraulic gradient which is much smaller than its
theoretical value. Skempton and Brogan (1994) stated that
piping of sand in unstable sandy gravels can occur at one third
to one ﬁfth of the theoretical critical hydraulic gradient. Adel
et al. (1988) also followed this identiﬁcation method.
In fact, the ﬁrst two identiﬁcation methods are common in
nature. A signiﬁcant loss of ﬁne particles can result in sudden
changes in the permeability of the soil sample, and the
gradation curves will change eventually. However, the hydrau-
lic conditions in the tests that followed these two identiﬁcation
methods were more severe than those that would be expected
in practice, whether the hydraulic gradient was increased
gradually or kept constant during the testing process. The tests
following the third identiﬁcation method were conducted under
hydraulic gradients between 0 and 1.0.0
10
20
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Fig. 1. Evaluation of Istomina's criterion based on the dataset (N¼131).
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Fig. 2. Schematic illustration of Kezdi's and Kenney and Lau's criteria.3. Evaluation of existing criteria based on the dataset
Three criteria [i.e., Istomina's criterion (Istomina, 1957);
Kezdi's criterion (Kezdi, 1969), and Kenney and Lau's criterion
(Kenney and Lau, 1985)] are used in design speciﬁcations to
evaluate the internal stability of either granular ﬁlters or core
materials in embankment dams. Geotechnical Engineering
Ofﬁce (GEO) (1993), U.S. Department of Agriculture
(USDA) (1994) and U.S. Society of Dams (USSD) (2011)
adopted Istomina's criterion to evaluate possible segregation of
ﬁlters using the coefﬁcient of uniformity, Cu, as an indicator.
GEO (1993) and Canadian Dam Association (CDA) (2007)
used Kenney and Lau's criterion to assess the internal stability of
granular ﬁlters, and International Commission on Large Dams
(ICOLD) (1994) recommended the same criterion for evaluating
base soils. USSD (2011) recommended the use of Kezdi's
criterion in evaluating the internal stability of base soils. Kenney
and Lau's criterion and Kezdi's criterion are also widely used by
researchers to assess the internal stability of granular soils (e.g.,
Adel et al., 1988; Skempton and Brogan, 1994; Chapuis et al.,
1996; Kaoser et al., 2006; Chang and Zhang, 2011). In the
following section, the feasibility of the three geometric criteria is
evaluated based on the test dataset.3.1. Istomina's criterion
The coefﬁcient of uniformity, Cu, of a soil can be used as an
indicator for the internal stability of the soil. The diameter of
coarse fraction can be represented by d60 (particle diameter at
60% ﬁner by weight), while the diameter of the ﬁne fraction
can be represented by d10 (particle diameter at 10% ﬁner by
weight) of a soil. Cu¼d60/d10 indicates whether the ﬁne
particles can pass through the pores formed by the coarse
fraction of the soil. According to Istomina (1957), soils with
Cu of less than 10 are internally stable, and those with Cu of
larger than 20 are likely to be internally unstable. Those with
Cu between 10 and 20 fall into a transitional zone. Istomina's
criterion is valid only for sandy gravel.
Fig. 1 shows a plot of d60 against d10 of all the soils in the
dataset, where d60 and d10 are the particle diameters at 60%
and 10% ﬁner by weight, respectively. For soils with
d1040.5 mm or d60410 mm, most of those with Cuo10
are stable and those with Cu420 are unstable. However, for
the soils with d10o0.5 mm and d60o10 mm, Cu may not be a
good indicator for internal stability: several unstable soils fall
into the “stable” zone.
0.0 
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Fig. 4. Evaluation of Kenney and Lau's criterion based on the dataset
(N¼131).
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Kezdi (1969) proposed a geometric criterion to assess the
internal stability of soils following the ﬁlter criterion proposed
by Terzaghi (1939). A soil is divided into a ﬁner component
and a coarser component at an arbitrary point (with particle
size d as shown in Fig. 2) on the grain size distribution curve.
The coarser component represents the particles with grain sizes
larger than the selected particle size d, whereas the ﬁner
component includes the particles with sizes less than the
selected particle size d. The coarse component is treated as
the ﬁlter for the ﬁne component. If the soil satisﬁes (d15c/
d85f)max≤4 (where d15c represents the diameter at 15% ﬁner by
weight in the coarse component and d85f the diameter at 85%
ﬁner by weight in the ﬁne component as shown in Fig. 2), then
the soil as a whole is considered as internally stable. Sherard
(1979) advocated this approach, but modiﬁed the criterion to
(d15c/d85f)max≤5.
Fig. 3 shows the testing results for all the soils in the dataset
on the (d15c/d85f)max – d50 plot, where d50 is the mean particle
diameter. It can be observed that Kezdi's criterion sets a safe
boundary for engineering design. Many stable soils are
identiﬁed as unstable according to this criterion. Further
investigation into the 34 internally stable soils that are assessed
as internally unstable ones shows that 19 of them have ﬁnes
contents more than 10%.
3.3. Kenney and Lau's criterion
Kenney and Lau (1985) hypothesized that particles ﬁner
than grain size d (having a mass fraction, F) would likely erode
from a soil if there were not enough particles in the grain sizes
ranging from d to 4d (having a mass fraction, H) as shown in
Fig. 2. H/F can be obtained from the grain-size distribution
curve over a portion of its ﬁner fraction given by F≤20% for
soils with a broadly-graded primary fabric (Cu43), and by
F≤30% for soils with a narrowly-graded primary fabric
(Cu≤3). If (H/F)min is larger than 1.3, then the soil is classiﬁed
as internally stable. Kenney and Lau (1986) later revised the
boundary to (H/F)min41.0. This criterion is valid only for
granular soils.1
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Fig. 3. Evaluation of Kezdi's criterion based on the dataset (N¼131).The application of Kenney and Lau's criterion to assess the
internal stability of the test soils in the dataset is shown in
Fig. 4. It can be observed that this criterion also sets a safe
boundary for engineering design. Soils with (H/F)min larger
than 1.0 are indeed mostly stable. However, many soils with
(H/F)min smaller than 1.0 are also stable. Especially when the
mean particle size is smaller than 1.0 mm, 14 of the 22 stable
soils are evaluated as unstable. This means that this criterion is
much on the safe side when the soil contains a signiﬁcant
amount of ﬁnes.3.4. Comments on existing criterion
In view of the ability of the aforementioned three criteria to
predict the internal stability of the test soils, it seems that these
criteria indeed set safe boundaries for engineering design.
However, no single criterion can be used to predict the internal
stability of all types of soil exclusively, particularly soils
containing a signiﬁcant amount of ﬁnes. This is because the
control variables for different types of soil may not be exactly
the same. The effect of ﬁnes content in enhancing the erosion
resistance of the soil has not been sufﬁciently reﬂected.
Therefore, it is pertinent to classify different types of soil
and develop criteria for each type of soil and, if possible,
develop composite criteria that cover several types of soil.4. Extended criteria
4.1. Soil microstructures and representative control variables
for internal erosion
The internal stability of a soil is controlled by such
geometric parameters as gradation and constriction sizes. The
grain size distribution of a soil has a signiﬁcant inﬂuence on its
internal stability. Narrowly-graded soils usually do not involve
internal instability problems, but gap-graded soils are usually
susceptible to internal erosion. The control variables for
different types of soil may not be the same.
D.S. Chang, L.M. Zhang / Soils and Foundations 53 (2013) 569–583574The soils in the collected dataset are divided into two
groups: well-graded and gap-graded soils. A well-graded soil
is one deﬁned by a broad gradation which has a good
representation of all sizes (i.e., soils A and B in Fig. 5). In
the dataset, 80 soils are well-graded as shown in Table 3. The
internal stability of a well-graded soil depends on whether its
coarse particles can prevent the loss of its medium-sized
particles, which in turn prevents the loss of its ﬁne particles.
The ﬁnes content has a signiﬁcant inﬂuence on the internal
stability of a broadly-graded soil (Bendahmane et al., 2008;
Wan and Fell, 2008). If the ﬁnes content is within a certain
margin, the coarse and medium-sized particles may form a
matrix. If the ﬁnes content is increased so signiﬁcantly that the
coarse grains ﬂoat within the ﬁnes, then the soil behavior may
be governed by the matrix of ﬁnes. Therefore, referring to the
soil microstructures and the classiﬁcation methods for base
soils for no-erosion ﬁlters proposed by Sherard and Dunnigan
(1989), well-graded soils are classiﬁed into three different
categories in this paper according to their ﬁnes contents, i.e.
contents smaller than 0.063 mm (British Standard Institution
(BSI), 1990):(1)Fig.
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(2) Well-graded soils with ﬁnes contents more than 20%;
(3) Well-graded soils with ﬁnes contents between 5% and 20%.6. Classiﬁcation of well-graded soils: (a) with ﬁnes contents less than 5%; (b) w
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Fig. 5. Illustration of well-graded and gap-graded soils.ﬁll part of the pores formed by the coarse particles as shown in
In the ﬁrst category, the ﬁne particles (o0.063 mm) only
Fig. 6(a); thus the effect of the ﬁne particles on internal
stability is not signiﬁcant. The internal stability of this type of
soil is mainly controlled by the characteristics of the grading
curves. Wan and Fell (2008) stated that a soil with a steep
slope in the grain-size distribution of the coarse fraction and a
ﬂat slope in the ﬁne fraction was likely to be internally
unstable. Fig. 7(a) illustrates that the control variables for this
type of soil are the slopes of the grain size distribution curve.
The steeper the slope in the coarse fraction, the easier the ﬁne
particles can erode as the pores formed by the coarse particles
are less likely to be ﬁlled by the medium-sized and ﬁne
particles. The ﬂatter the slope in the ﬁne fraction, the easier the
ﬁne particles can erode as the controlling constriction sizes
(Kenney et al., 1985) are larger.
In the second category, the pores formed by the coarse
particles can be largely ﬁlled by the medium-sized particles,
and the pores formed by the medium-sized particles can be
almost fully ﬁlled by the ﬁne particles, or the medium-sized
particles and coarse particles can only ﬂoat in a matrix of ﬁnes
when the ﬁnes content is sufﬁciently large as shown in Fig. 6
(c). Therefore, a suitable control variable for the internal
stability of such soil is its ﬁnes content. In the third category,
some of the medium-sized or coarse particles are enclosed by
ﬁne particles as shown in Fig. 6(b). The amount of ﬁne
particles determines the amount of medium-sized or coarse
particles that could be enclosed. The control variables for this
type of soil are ﬁnes content and characteristics of the medium-
sized and coarse fraction. The exact boundaries among the
three categories of soil may be found through statistical
analysis, an example of which will be presented in Section 4.2.
A gap-graded soil is one deﬁned by a broad gradation in
which a portion is signiﬁcantly under-represented (e.g., soil C
in Fig. 5) or completely absent (e.g., soil D in Fig. 5). In the
dataset, 51 soils are gap-graded as shown in Table 3. The
missing part in most of the gap-graded soils in the set is either
sand or silt. The internal stability of a gap-graded soil depends
on whether the coarse particles can prevent the loss of the ﬁne
particles. If the ﬁner fraction can fully ﬁll the pores formed by
the coarser fraction, the soil is usually internally stable. The
ﬁnes content has a signiﬁcant inﬂuence on the internal stabilityith ﬁnes contents between 5% and 20%; (c) with ﬁnes contents more than 20%.
D.S. Chang, L.M. Zhang / Soils and Foundations 53 (2013) 569–583 575of gap-graded soils. The soil will change from coarse-matrix
controlled behavior to ﬁne-matrix controlled behavior with the
increase of ﬁnes content. Following a similar classiﬁcation of
well-graded soils, gap-graded soils are also divided into three
categories according to the ﬁnes content:(1)P
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thanGap-graded soils with ﬁnes contents less than 10%;
(2) Gap-graded soils with ﬁnes contents more than 35%;
(3) Gap-graded soils with ﬁnes contents between 10%
and 35%.In the ﬁrst category, the ﬁne particles can only ﬁll the local
pores formed by the coarse and medium-sized particles as0
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7. Illustration of the control variables for: (a) well-graded soils with ﬁnes
ents less than 5%; (b) gap-graded soils with ﬁnes contents less than 10%.
8. Classiﬁcation of gap-graded soils: (a) with ﬁnes contents less than 10%;
35%.shown in Fig. 8(a). Hence the effect of the ﬁnes content is not
a major issue. The internal stability of this type of soil could be
dominated by the gap ratio as shown in Fig. 7(b). Gap ratio,
Gr, is deﬁned as the ratio of the maximum particle size, dmax
and the minimum particle size, dmin of the severely under-
represented portion on the grain-size distribution curve
(Fig. 4):
Gr ¼ dmaxdmin
ð1Þ
A large gap ratio means the coarse fraction cannot success-
fully serve as a ﬁlter for the ﬁner fraction, thus the ﬁne
particles can erode easily even under low hydraulic gradients
[Fig. 7(b)]. In the second category, the medium-sized and
coarse particles only ﬂoat in the ﬁne particles as shown in
Fig. 8(c), thus the control variable for this type of soil is its
ﬁnes content. In the third category, the local medium-sized and
coarse particles are enclosed by the ﬁne particles as shown in
Fig. 8(b). The amount of enclosed medium-sized and coarse
particles depends on the amount of ﬁne particles. The stability
of the unenclosed medium-sized and coarse particles is also
dominated by the gap ratio. Therefore, the control variables for
this type of soil are ﬁnes content and gap ratio. The
classiﬁcation thresholds will be presented in Section 4.3.
The microstructures of a soil change signiﬁcantly with the
ﬁnes content (Li and Zhang, 2009; Zhang and Li, 2010). The
soils in the ﬁrst category of the two groups are rich of inter-
aggregate pores, so the constriction size is relatively large and
the ﬁne particles are easy to pass under seepage. The soils in
the second category of the two groups are rich of intra-
aggregate pores. Hence, the loss of ﬁne particles is less likely.
For the soils in the third category, both intra-aggregate and
inter-aggregate pores dominate. The ﬁnes content will inﬂu-
ence the relative percentage of the intra-aggregate and inter-
aggregate pores.
4.2. Extended criteria for well-graded soils
4.2.1. Well-graded soils with ﬁnes contents (o0.063 mm) less
than 5%
If the ﬁnes content of a well-graded soil is less than 5%, the
effect of ﬁnes on the internal stability of the soil can be
neglected. The control variables for this type of soil are the(b) with ﬁnes contents between 10% and 35%; (c) with ﬁnes contents more
0.0
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Fig. 10. Relation between (H/F)min and ﬁnes content for well-graded soils with
ﬁnes contents more than 10% (N¼21).
D.S. Chang, L.M. Zhang / Soils and Foundations 53 (2013) 569–583576characteristics of the grading curve; particularly the slopes of
the grading curve that reﬂect the possibility for the ﬁne
particles to go through the constrictions controlled by the
coarse matrix. Kenney and Lau's criterion [(H/F)min41.0]
described in the previous section is based on the constriction
size. A small value of H/F indicates that the slope in the grain-
size distribution of the ﬁner fraction is relatively ﬂat or the
slope in the grain-size distribution of the coarse fraction is
steep. The internal erosion tests conducted by Kenney and Lau
(1985) were on well-graded soils without ﬁnes content.
Fig. 9 shows the prediction for this type of soil using
Kenney and Lau's criterion. Among the 26 unstable soils, 25 of
them are assessed to be internally unstable, and 25 of the 33
stable soils can be successfully predicted. Recently, informa-
tion of internal stability tests on ﬁve well-graded soils with
ﬁnes contents of less than 5% is available (Andrianatrehina
et al. ,2012). These cases are not included in the dataset and
hence serve as an independent check of the criterion. Among
them, four can be successfully assessed according to the
criterion [(H/F)min41.0] as shown in Fig. 9. Therefore,
(H/F)min41.0 could be used as a boundary separating
internally stable and unstable soils for well-graded soils with
a ﬁnes content of less than 5%.4.2.2. Well-graded soils with ﬁnes contents of more than 20%
Fell and Fry (2007) stated that internal instability may not be
an issue if a well-graded soil has a large ﬁnes content. As
shown in Fig. 10, when the ﬁnes content is more than 20%, all
the soils are tested to be internally stable even at (H/F)min
values smaller than 1.0. This may be due to the easy formation
of clusters of soil particles under normal compaction condi-
tions when the ﬁnes content is high, especially when the ﬁnes
contain a high fraction of clay. Hence, the erodibility of the
soil is enhanced. The tests conducted by Laﬂeur and Nguyen
(2007) showed that natural moraines with ﬁnes contents of
more than 25% did not involve internal instability problems.
Once the ﬁnes content exceeds a certain margin, the soil
exhibits ﬁnes-controlled behavior as the soil is rich of0.0
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2.0
3.0
4.0
1001010.1
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Fig. 9. Evaluation of internal stability of well-graded soils with ﬁnes contents
less than 5% using Kenney and Lau's criterion (N¼64).intra-aggregate pores. The tractive shear stress induced by the
seepage ﬂow through the intra-aggregate pores would be small.
Of the six soils falling into this category (four of them with
detailed plasticity information as shown in Table 3), three are
with low plasticity and one is with medium plasticity. Here
high, medium, and low plasticity are deﬁned based on the
liquid limit, LL (BSI, 1981): low plasticity, LLo35%;
medium plasticity, 35%oLLo50%; high plasticity,
LL470%. For a soil with high plasticity that falls into this
category, the erosion resistance is even higher than that of the
soils with low and medium plasticity. Thus, this type of soil is
internally stable.4.2.3. Well-graded soils with ﬁnes contents between 5% and 20%
The internal stability of a well-graded soil with a ﬁnes
content of between 5% and 20% depends on both the gradation
of the coarse fraction and the ﬁnes content. Fig. 10 shows the
relation between (H/F)min and ﬁnes content, P. Here, the (H/
F)min value is derived over a portion of its ﬁner fraction given
by 5%≤F≤20%. Soils that fall into this category are assessed
to be internally stable if they satisfy the following inequality:
H
F
 
min
4−
1
15
Pþ 4
3
ð2Þ
The ﬁnes enhance the seepage erosion resistance by inter-
locking and formation of clusters. Hence, the stability range
for this type of soil is wider than the range proposed by
Kenney and Lau (1985). Therefore, two control variables, ﬁnes
content and (H/F)min, should be used to identify the internal
stability of this type of soil.
Soil plasticity also plays an important role in the internal
stability of the soils in this category. A soil with higher
plasticity tends to be more internally stable under the same
ﬁnes content. If a soil contains a signiﬁcant amount of
ﬁnes, the ﬁnes may be present in the form of soil aggregates
(Zhang and Li, 2010). The structural stability of soil aggre-
gates in water is reinforced with increasing soil plasti-
city (Sheridan et al., 2000). A higher structural stability of
soil aggregates tends to enhance the erosion resistance of the
Table 3
Geometric information and plasticity index of the soils in the dataset.
Soil ID d5 d10 d20 d60 d90 (H/F)min (d15c/d85f)max PI Stability References
A 0.195 0.300 0.520 7.00 14.8 0.53 3.6 – Yes USACE (1953)
B 0.134 0.230 0.400 2.50 12.3 1.7 3.0 – Yes
C 0.120 0.191 0.325 1.18 5.40 1.4 2.6 – Yes
D 0.175 0.420 1.80 10.0 16.8 0.73 8.1 – No
1 0.580 1.23 2.62 14.5 21.5 1.3 4.9 – Yes Kenney and Lau (1985)
2 0.580 1.26 2.61 18.7 66.0 1.3 4.8 – Yes
3 0.300 0.890 2.67 14.0 22.0 1.3 10.5 – Yes
20 0.650 1.13 1.90 8.40 18.1 1.9 1.4 – Yes
21 0.680 0.980 1.40 3.60 7.00 2.1 1.7 – Yes
23 2.05 3.60 4.15 10.3 19.3 2.1 2.1 – Yes
A 0.360 0.510 1.01 13.6 27.4 0.50 3.5 – No
As 0.401 0.640 1.41 11.2 20.5 0.89 3.7 – No
D 0.230 0.390 1.19 9.10 15.8 0.49 6.7 – No
Ds 1.80 3.30 5.58 10.9 20.6 2.8 4.0 – Yes
K 0.560 1.03 1.75 3.90 5.68 3.7 3.2 – Yes
X 0.181 1.25 7.90 37.6 68.0 0.62 51.0 – No
Y 0.278 0.530 1.78 37.5 88.8 0.65 6.5 – No
Ys 0.467 1.06 3.29 41.6 89.8 1.0 8.0 – No
A 0.161 0.502 6.78 28.6 44.2 0.25 41.0 – No Adel et al. (1988)
B 0.890 2.00 5.81 33.8 69.0 1.3 6.2 – Yes
M6 0.191 0.235 0.331 4.51 15.0 0.35 3.5 – Yes Laﬂeur et al. (1989)
M8 0.198 0.360 1.19 6.82 15.6 0.65 6.3 – No
M42 0.221 0.298 0.458 2.09 9.21 1.8 1.7 – Yes
1 0.002 0.010 0.052 0.091 0.129 0.55 33.0 26 Yes Sun (1989)
2 0.002 0.009 0.152 0.176 0.196 0.40 13.0 26 No
3 – 0.002 0.010 0.173 0.198 0.04 12.0 26 Yes
4 – 0.002 0.010 0.292 0.331 0.04 21.0 26 No
5 – 0.002 0.010 0.244 0.302 0.07 17.3 26 No
6 – – 0.004 0.231 0.301 0.67 12.5 26 Yes
7 0.008 0.098 0.192 0.510 1.34 0.17 17.0 26 No
8 0.002 0.010 0.132 0.491 1.30 0.17 16.0 26 Yes
9 0.002 0.009 0.168 0.452 1.42 0.04 20.0 26 No
10 0.008 0.170 0.248 0.500 1.59 0 16.3 26 No
11 – 0.004 0.020 0.430 1.42 0.02 7.5 26 No
12 – 0.002 0.010 0.398 1.25 0.07 21.0 26 Yes
13 – 0.001 0.006 0.692 0.804 0.23 37.0 26 Yes
14 – 0.003 0.014 1.29 3.40 0 10.6 26 No
15 – 0.001 0.008 1.15 3.38 0.40 48.0 26 No
16 – 0.001 0.008 0.756 0.802 0.50 58.0 26 No
I 0.762 0.851 1.04 2.45 8.00 1.7 1.4 – Yes Aberg (1993)
II 0.589 0.702 0.980 3.89 11.1 1.3 1.7 – Yes
III 0.470 0.642 1.12 6.98 13.2 1.4 2.3 – Yes
C 0.030 0.052 0.120 1.18 6.00 0.35 4.1 – No
E 0.140 0.454 1.28 7.38 13.6 1.4 8.7 – Yes
F 1.30 1.68 2.49 7.96 13.5 2.1 1.9 – Yes
G 0.078 0.160 0.432 4.25 12.1 1.1 5.4 – Yes
H 0.142 0.163 0.228 4.98 12.4 1.0 4.7 – No
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Table 3 (continued )
Soil ID d5 d10 d20 d60 d90 (H/F)min (d15c/d85f)max PI Stability References
1 – 0.980 20.1 42.8 54.8 0.17 82.0 – No Burenkova (1993)
2 1.85 11.5 20.5 34.8 50.4 0.50 13.8 – No
3 – 0.506 11.1 36.7 51.8 0.25 46.6 – No
4 – 0.334 6.31 32.8 50.1 0.21 37.5 – No
11 0.201 1.35 2.80 16.0 43.0 1.5 15.0 – Yes
12 – 0.540 1.75 11.7 40.8 0.38 10.5 – Yes
13 – – 1.32 9.20 38.0 0.33 12.0 – Yes
14 – – 0.930 8.00 35.0 0.43 8.1 – Yes
A 0.122 0.179 1.68 4.28 6.35 0.14 10.9 – No Skempton and Brogan (1994)
B 0.250 0.450 1.68 4.28 6.35 0.98 9.7 – No
C 0.389 0.672 1.68 4.28 6.35 1.7 4.7 – Yes
D 0.610 1.06 2.18 4.50 6.35 2.7 4.0 – Yes
1 0.104 0.174 0.397 4.98 12.8 1.1 3.6 – Yes Chapuis et al. (1996)
2 0.130 0.370 1.42 11.9 17.9 0.88 10.6 – No
3 0.092 0.125 0.212 2.10 11.6 1.2 2.3 – Yes
1a 0.165 0.600 0.680 1.06 1.47 1.5 3.7 – Yes Honjo et al. (1996)
1b 0.136 0.158 0.600 1.00 1.45 1.4 3.7 – Yes
1c 0.127 0.142 0.177 0.940 1.45 0.80 3.7 – Yes
2a 0.130 0.155 0.420 0.708 1.04 2.8 2.6 – Yes
2b 0.122 0.135 0.168 0.658 1.02 1.6 2.6 – Yes
3a 0.128 0.151 0.830 1.33 1.90 0 5.2 – No
3b 0.121 0.135 0.167 1.24 1.87 0 5.2 – No
4a 0.131 0.156 1.24 2.00 2.85 0 7.4 – No
4b 0.122 0.140 0.180 1.85 2.74 0 7.4 – No
1 0.362 1.67 14.2 100 167 0.44 35.0 – No Liu (2005)
2 0.224 0.670 3.62 80.2 160 0.50 18.0 – No
3 0.098 0.260 1.08 35.4 98.0 0.67 35.0 – No
4 0.009 0.460 2.80 33.5 81.0 0.17 9.9 – No
4H 0.250 0.495 5.00 76.5 130 0.22 25.0 – No
5 – 0.152 0.690 17.2 78.0 0.75 7.5 – Yes
6 – 0.112 0.220 3.40 26.2 1.0 3.3 – Yes
26 0.230 0.900 2.80 16.2 42.1 0.88 13.0 – No
29 0.140 0.260 0.840 37.5 46.1 0.50 9.0 – No
a 0.145 0.174 0.298 3.80 6.89 0.67 6.0 – No Mao (2005)
b 0.124 0.218 0.605 7.02 20.1 0.72 5.0 – No
c 0.362 0.526 2.31 10.3 16.2 0.83 7.0 – No
d – 0.255 2.91 9.62 13.4 0.30 22.0 – No
A – 0.260 0.612 14.1 17.9 0 10.3 – No
B – 0.260 0.904 14.1 17.9 0 10.5 – No
C – 0.319 1.28 14.1 17.9 0 13.8 – No
D – 0.519 1.22 14.1 17.9 0 7.1 – No
T0 0.105 0.145 0.254 11.9 50.2 0.56 13.7 – No Moffat (2005)
T5 0.060 0.134 0.242 11.9 50.2 0.88 14.3 – No
D 0.224 0.420 1.25 8.73 14.9 0.72 5.5 – Yes Fannin and Moffat (2006)
K 0.632 0.952 1.67 3.52 5.35 2.2 2.4 – Yes
5% 0.015 0.108 0.215 0.370 0.440 0.25 14.5 – No Kaoser et al. (2006)
10% – 0.020 0.148 0.360 0.440 0.13 12.5 – No
S17 0.019 0.045 0.112 0.520 20.2 1.2 12.8 – Yes Laﬂeur and Nguyen (2007)
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S19 0.011 0.025 0.085 0.448 5.56 1.3 2.7 – Yes
S28 0.007 0.018 0.048 0.415 8.35 1.2 6.7 – Yes
A-10 0.002 0.010 0.085 0.402 0.620 0 19.3 33 No Bendahmane et al. (2008)
B-20 0.001 0.002 0.020 0.336 0.600 0.01 19.3 33 No
C-30 0.001 0.002 0.003 0.260 0.590 0.43 19.3 33 Yes
FR3 0.116 0.126 0.156 0.775 1.56 0.56 2.8 – Yes Li (2008)
FR7 0.112 0.119 0.135 1.33 1.78 0 7.1 – No
FR8 0.112 0.119 0.135 1.34 1.81 0 7.9 – No
HF01 0.135 0.178 1.58 4.32 8.00 0.14 11.0 – No
HF03 0.112 0.150 0.214 2.42 6.98 0.33 4.9 – No
HF05 0.010 0.027 0.070 0.601 5.20 0.45 5.5 – No
HF10 0.050 0.185 0.780 6.64 14.8 0.50 19.0 – No
1&1A 0.023 0.058 0.268 6.15 18.5 0.42 12.6 Yes Wan and Fell (2008)
2R 0.011 0.028 0.072 5.49 14.9 0.40 8.5 Yes
3R 0.005 0.012 0.025 0.475 8.40 0.75 5.0 – Yes
4R 0.082 0.258 0.610 5.42 12.9 0.62 8.1 – Yes
5 0.006 0.095 0.390 4.75 9.90 0.40 98.0 9 Yes
6 – 0.004 0.072 2.83 7.50 0.25 60.0 11 Yes
7 – 0.001 0.006 0.937 6.81 0.45 9.5 13 Yes
9 0.026 0.066 3.42 7.56 15.2 0.05 36.0 – Yes
10 0.011 0.022 0.055 6.61 12.0 0.02 71.0 – No
13 0.004 0.065 3.78 7.18 13.3 0.08 5.6 9 Yes
14A – 0.006 0.102 8.38 16.5 0.04 92.0 11 No
15 – 0.001 0.016 7.77 17.0 0.20 82.0 13 No
A2 0.017 0.041 0.235 31.0 57.6 0.15 58.0 – No
A3 0.037 0.128 2.42 30.5 57.1 0.24 66.0 – No
B1 0.024 0.065 0.640 24.1 57.6 0.23 26.0 – No
B2 0.023 0.065 0.640 38.6 60.1 0.25 35.0 – No
C1 0.053 0.318 4.62 28.5 58.6 0.31 99.0 – No
D1 0.032 0.078 0.870 27.1 57.4 0.30 38.0 – No
RD – 0.006 0.065 0.313 1.01 0.27 18.4 – Yes
A 0.003 0.009 0.032 0.290 0.575 0.56 8.6 – Yes Cividini et al. (2009)
B – – 0.006 0.320 1.52 0.38 11.3 – Yes
A 0.098 0.105 0.122 2.05 4.00 0.75 10.0 – No Chang and Zhang (2011)
F 0.005 0.015 0.180 0.210 0.270 0 18.9 33 No Marot et al. (2011)
A 0.100 0.160 0.750 6.40 5.50 0.33 11.1 – No Salehi Sadaghiani and Witt (2011)
Yes¼stable; No¼unstable.
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D.S. Chang, L.M. Zhang / Soils and Foundations 53 (2013) 569–583580soil. Subsequently, the soil will be more internally stable under
seepage. Of the 15 well-graded soils with 5–20% of ﬁnes, 8 are
non-plastic or of low plasticity, and no plasticity information is
available for the rest seven soils. Therefore, the extended
criterion is only applicable to low plasticity soils. For soils
with medium to high plasticity in this category, the unstable
zone could be narrower, because the erosion resistance of the
soils may be enhanced by electro-chemical forces.4.2.4. Composite criterion for well-graded soils
Finally, the proposed composite criterion for assessing the
internal stability of well-graded soils is shown in Fig. 11.
A soil above the line is deemed to be internally stable,
otherwise it is internally unstable. The mathematical expres-
sions for these criteria are summarized in Table 4. The internal
stability of a well-graded soil with a ﬁnes content of less than
5% can be evaluated using (H/F)min, while the internal stability
of a well-graded low plasticity soil with a ﬁnes content
between 5% and 20% can be assessed using Eq. (2). A well-
graded soil with a ﬁnes content of more than 20% is deemed to
be internally stable. Of the 44 well-graded stable soils in the
dataset, 34 are evaluated stable; of the 36 well-graded unstable
soils in the dataset, 35 are evaluated unstable based on the
extended criteria in this paper.0.0
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Fig. 11. Geometric criteria for well-graded soils (N¼80) (Many data points
overlap at P¼0.).
Table 4
Proposed geometric criteria for different types of soil.
Gradation conditions Fines content, P (%)
Well-graded soils Po5
5≤P≤20
P420
Gap-graded soils Po10
10≤P≤35
P4354.3. Extended criteria for gap-graded soils
4.3.1. Gap-graded soils with ﬁnes contents of less than 10%
Fig. 12 shows the stability of gap-graded soils with ﬁnes
contents of less than 10% on the (H/F)min–Gr plot. All the soils
are internally stable when the gap ratio is smaller than 3.0
whether the value of (H/F)min is larger than 1.0 or not. This
may be because the representative particle size of the ﬁne
fraction is smaller than the controlling constriction size of the
coarse fraction under normal compaction conditions if the gap
ratio is small enough. Recently, information of internal
stability tests on eight additional soils in the category is
collected (Andrianatrehina et al., 2012; Ke and Takahashi,
2012a, 2012b). These soils are out of the dataset. The stability
of all the soils is correctly assessed using the criterion
(Gro3.0) as shown in Fig. 12. Therefore, the internal stability
of this type of soil can be evaluated by the gap ratio alone.
4.3.2. Gap-graded soils with ﬁnes contents of more than 35%
Unlike well-graded soils, more ﬁne particles are needed to
fully ﬁll the pores formed by the coarse particles of a gap-
graded soil, because a portion of medium-sized particles is
signiﬁcantly under-represented or completely absent in the
gap-graded soil. Fig. 13 indicates that a gap-graded soil with a
ﬁnes-content of more than 35% is internally stable no matter
how large or small the gap ratio is. This is because the coarse
particles can only ﬂoat in the matrix formed by the ﬁne
particles. Moreover, a high fraction of ﬁnes can enhance the
seepage erosion resistance of the soil by electro-chemicalGeometric criteria
ðH=FÞmin41:0: internally stable
(H/F)min4−(1/15)P+4/3: internally stable for low plasticity soils
Stable
Gro3.0: internally stable
Gro0.3P: internally stable for medium plasticity soils
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Fig. 12. Evaluation of internal stability of gap-graded soils with ﬁnes contents
less than 10% (N¼36) (Some data points overlap.).
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(1994), the coarse particles ﬂoat in the matrix of ﬁne particles
if the ﬁne fraction is in excess of 35%. Liu (2005) and Mao
(2005) adopted the same boundary of 35% for identifying
whether the coarse particles can ﬂoat in the matrix of ﬁne
particles or not.
4.3.3. Gap-graded soils with ﬁnes contents between 10%
and 35%
Evaluation of 21 gap-graded soils in this category in Fig. 13
shows that a soil that satisﬁes the following inequality can be
regarded as internally stable:
Gro0:3P ð3Þ
The acceptable Gr value generally increases with the ﬁnes
content. It means a soil with a higher ﬁnes content is more
stable when the gap ratio is high. This is mainly due to the
enhancement of interlocking of the coarse particles once it
contains a certain amount of ﬁne particles. Moreover, the
formation of aggregates with the increase of ﬁnes content
enhances the erosion resistance of the soil. Like the effect of
plasticity on well-graded soils, the soil plasticity also plays an
important role in the internal stability of gap-graded soils with
ﬁnes contents between 10% and 35%. Of the 21 soils that fall
into this category (18 of them with detailed plasticity informa-
tion as shown in Table 3), 11 are with medium plasticity; thus
the proposed criterion is mainly applicable to soils with
medium plasticity. As shown in Fig. 13, only 3 low-
plasticity and 3 high-plasticity cases are available. Therefore,
the exact boundaries are not conclusive for these two types of
soil (low and high plasticity). The unstable zone could be
broader for low plasticity cases and narrower for high
plasticity cases.
4.3.4. Composite criterion for gap-graded soils
Finally, a composite criterion is proposed for assessing the
internal stability of gap-graded soils as shown in Fig. 14.
A soil in the upper zone is deemed to be internally unstable,
otherwise it is internally stable. The mathematical expressions
for the composite criterion are summarized in Table 4 andFig. 14. The internal stability of a gap-graded soil with a ﬁnes
content of less than 10% can be assessed based on gap ratio;
the internal stability of a gap-graded medium plasticity soil
with a ﬁnes content between 10% and 35% can be evaluated
based on both gap ratio and ﬁnes content; and a gap-graded
soil with a ﬁnes content of more than 35% is deemed to be
internally stable. Of the 16 gap-graded stable soils in the
dataset, 13 are evaluated stable and all of the 35 gap-graded
unstable soils in the dataset are evaluated unstable based on the
extended criteria in this paper.
5. Summary and conclusions
The feasibility of three commonly used geometric criteria
(Istonima's criterion, Kezdi's criterion, and Kenney and Lau's
criterion) in assessing the internal stability of 131 soils in a
laboratory test dataset has been evaluated. These criteria set
safe boundaries for engineering design. However, when soils
contain certain ﬁnes, these criteria tend to identify stable soils
as unstable ones. The effect of ﬁnes content in enhancing the
erosion resistance of the soil has not been sufﬁciently reﬂected.
The soils from the 131 internal erosion tests are divided into
two groups: well-graded soils and gap-graded soils. Each
group is further divided into three categories: category I (with
ﬁnes contents less than 5% for well-graded soils and 10% for
gap-graded soils), category II (with ﬁnes contents more than
20% for well-graded soils and 35% for gap-graded soils), and
category III (with ﬁnes contents between 5% and 20% for
well-graded soils and between 10% and 35% for gap-graded
soils). In the ﬁrst category, the ﬁne particles (o0.063 mm)
only ﬁll part of the pores formed by the coarse particles. In the
second category, the pores formed by the medium-sized and
coarse particles can be largely ﬁlled by the ﬁne particles or the
medium-sized and coarse particles ﬂoat in the ﬁnes matrix.
In the third category, the medium-sized or coarse particles are
locally enclosed by the ﬁne particles. The microstructures of
these soils provide basis for selecting geometric control
variables for assessing the internal stability of these soils.
D.S. Chang, L.M. Zhang / Soils and Foundations 53 (2013) 569–583582The internal stability of a well-graded soil with a ﬁnes
content of less than 5% can be evaluated using (H/F)min as a
control variable, and the internal stability of a well-graded, low
plasticity soil with a ﬁnes content between 5% and 20% can be
assessed according to a relation between (H/F)min and ﬁnes
content. A well-graded soil with a ﬁnes content of more than
20% is deemed to be internally stable.
The internal stability of a gap-graded soil with a ﬁnes
content of less than 10% can be assessed using the gap ratio as
a control variable, and the internal stability of a gap-graded,
medium plasticity soil with a ﬁnes content between 10% and
35% can be evaluated using gap ratio and ﬁnes content as two
control variables. A gap-graded soil with a ﬁnes content of
more than 35% is deemed to be internally stable. Finally, of
the 60 stable soils in the dataset, 47 are evaluated as stable
based on the extended criteria in this paper; of the 71 unstable
soils in the dataset, 70 are correctly evaluated as unstable.
Thirteen test cases not included in the dataset are also assessed
using the proposed criteria and 12 out of the 13 impendent
cases are correctly evaluated.Acknowledgments
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